A series of field studies involving repetitive functional measurements in relatively small populations of healthy children and adults engaged in normal outdoor activities has shown that significant decrements in respiratory function are associated with exposures to ozone (03) at concentrations below the national ambient air quality standard. The ability to detect such effects can be attributed, at least in part, to the study design criteria used, which emphasized maximization of signal-to-noise ratios. Locations were selected to ensure relatively high exposures to relatively uniformly distributed secondary pollutants, with minimal exposure to local sources of primary pollutants. Populations were selected that would be engaged in active recreation out of doors. Populations of healthy persons were used to minimize variability in baseline function. We found that the magnitude of the 03-associated decrements in respiratory function was dependent on the variability in sensitivity to 03 among the population, the minute ventilation during outdoor activity, and the duration of the outdoor exposure. We also concluded that the 03-associated responses were potentiated by the presence of other air pollutants.
Introduction
Studying natural populations for evidence of health effects associated with exposures to ambient air pollutants is a challenging task for a variety of reasons. Among the more difficult of these are: a) identifying an accessible population at risk whose relevant exposures can be defined and adequately characterized; b) specifying measurable indices of responses that may be expected to occur as a result of the exposures of interest; c) collecting an adequate amount of suitably quality-assured data on exposure and responses at times when exposures of magnitudes sufficient to elicit measurable responses actually occur; and d) collecting sufficient data on identifiable host characteristics and environmental exposures to other agents that may influence the response variables and confound any of the hypothesized pollutant exposureresponse relationships that may be present. In addition, one must also account for the usual operational problems encountered in performing population studies, especially studies in the field, such as maintaining the motivation and skills of the field personnel for collecting reliable data; the cooperation of the subjects in producing reliable data; and access to sufficient numbers of subjects with the preselected characteristics in each category as may be needed.
Each of these design considerations has been stated in very general terms, and the specific problems encoun- Table 1 summarizes results from our most recent field studies of healthy adults and children along with those from a series of controlled exposures in chambers in other laboratories. In each of the chamber studies, vigorously excercising adults were exposed to 03 for a defined period that was preceded and followed by exposure to purified air. Each study involved 60 min of exercise, either continuously, or with 15-min exercise periods interspersed with 15-min rest periods. It can be seen that the mean rate of functional change in the subgroup of our adults with minute ventilations closest to those in the chamber studies were higher than those for the group as a whole and also higher than those in the 1-and 2-hr exposures in chambers. The responses in the field study of normal, active children at summer camp, after adjustment for body size differences, were similar to those in our adult population and also greater than those in the chamber studies.
The greater responses observed in the field studies show that further laboratory studies are needed to establish the nature of the concentration-exposure time relationships for 03 
Strategic Design Considerations
The basic design premise in each of the field studies was to maximize the signal-to-noise ratio for the pollutant exposure versus response relationships. The noise on the response side of the relationships has been the focus of much work by others, and guidance on these aspects is available from the American Thoracic Society (ATS) (6, 7) . Accordingly, our focus was primarily on the reduction of the noise in the exposure variables.
Study Site Selection
The objective of our initial exploratory field study in 1980 was to determine whether the pollutants in the characteristic summer haze in the northeastern U.S. were producing any measurable acute health effects. The 
Use of Sequential Measures of Response
For studies of acute responses to the inhalation of secondary air pollutants, which are distributed relatively uniformly over large geographic areas, it is not possible to identify a nonexposed or cQntrol population. On the other hand, the concentrations of the secondary pollutants have large temporal variations. There are both diurnal variations, with peak concentrations generally occurring in the afternoon, and day-to-day variations in concentration associated with the trajectory of the air mass over pollutant precursor source areas, atmospheric stability, intensity of incident solar radiation, temperature, and humidity. Thus, the volunteer subjects are exposed to different concentration profiles each day. By using repetitive measures of response, one can correlate variations in response with variations in exposure within the group.
For transient effects, data on day-to-day variability in response associated with day-to-day variability in exposure provides a sensitive tool for demonstrating the effects of pollutant exposures. The generally large intersubject variability in baseline values can be removed as a confounding factor because each subject's day-to-day variations can be considered individually. Another advantage is that the variability of responsiveness among individuals in a population can be directly assessed. Comparisons of individuals' degrees of pollutant-associated responses, in relation to other characteristics of the individuals, may provide important clues as to the mechanisms that produce or influence responses. For example, Figure 2 shows results from our 1985 summer study in Tuxedo, NY, on the influence of minute ventilation on the rate at which ambient 03 affects the forced expiratory volume in 1 sec (FEV1) among adults engaging in outdoor exercise. The 03-associated decrease in lung function with increasing minute ventilations up to 70 L was expected based upon compilations of data from studies of controlled exposures in chambers (9) . None of the studies cited in the review had been done at minute ventilations above 70 L. The diminishing effect at the higher minute ventilations was unexpected. This provides a good example of how results from exploratory field studies can point the way to the need for more information on the role of basic physiological mechanisms.
Summary of Results of Acute Air Pollution Health Effects Studies
Our field studies of summer camp children and our study of healthy, nonsmoking adults engaging in a fixed daily regimen of outdoor exercise in the summer showed consistent responses to the pollutants in summer hazes. The 03-associated decrements in spirometric functional indices in these studies were similar to, but greater in magnitude than, the decrements seen in controlled chamber studies involving 1 or 2 hr of exposure to 03 in purified air and moderate to heavy levels of exercise during exposure. The effects in the field studies were almost as large as those reported in a chamber study involving 63/4 hr of exposure, which included 300 min of moderate exercise (5) . There was a marked intersubject variability in the 03-associated decrements in function, as has been reported in some of the chamber exposure studies.
All of the 03 concentrations in our first and third camp studies and nearly all in our adult exercise study were below the current primary National Ambient Air Quality Standard (NAAQS) for O3 of 120 ppb for a 1-hr averaging time. These were the first studies to demonstrate 03-associated respiratory function reductions for exposures below the NAAQS. Furthermore, in our study of 91 children in 1984, there were significant 03-associated decrements in function for data subsets truncated above both 80 and 60 ppb O3. This enabled us to conclude that there was no detectable threshold concentrations for the functional decrements. While the functional decrements in the adults and children were quite similar, after appropriate adjustment for the differences in body size, their exposures were quite different. The children were continuously exposed to outdoor air while engaged in supervised recreational programs. The adults were indoors doing relatively sedentary tasks except for a single 15 to 55 min daily outdoor exercise period when their minute ventilation was markedly increased.
Since the adults' responses to less than 1 hr of exposure were greater than those seen in chamber studies with 1 to 2 hr of exposure at comparable exercise levels, it appears that other constituents in the ambient air potentiate the characteristic of 03 response. Such a potentiation, along with their greater cumulative daily exposures, helps account for the greater responses in our children, in comparison with responses of children in chamber exposures (4), even though the camp children's exercise levels were lower than those of the children in the chamber studies.
In summary, the magnitude of the 03-associated decrement in respiratory function depends on at least four critical factors: variations in sensitivity among a population of healthy persons; minute ventilation during exposure; duration of outdoor exposure; and the presence of other air pollutants.
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